Uranium separation and sensing in the environment remains a critical global challenge for environmental health. Herein, we describe a highly tunable core@shell type nanocrystal, which is unique in both approach (high flexible/tailorable) and high-performance regime(s) with regard to uranium sorption and separation. Taken together, demonstrated material properties underpin broad, platform potential for next generation water treatment, actinide separation and sensing technologies.
Multifunctional manganese ferrite coated superparamagnetic magnetite (core-shell) nanocrystals, surface stabilized by (organic) a phosphate functionalized bilayer, have been simultaneously optimized for ultra-high uranium sorption capacity, colloidal stability under elevated ionic strengths, and susceptibility to low magentic fields, which are critical for subsequent separation processes.
Superparamagnetic metal oxide nanocrystals (iron based materials such as, iron oxides, ferrites, etc.) have garnered significant interest for environmental applications due to their high potential in sorption, separation, sensing, and catalytic processes for a variety of aqueous pollutants including heavy metals and metalloids such as arsenic (As(III and V)), chromium (Cr(VI), and uranium (U(VI)). 1-7 A number of such materials have been developed by various wet chemical methods. [8] [9] [10] [11] [12] For example, Yavuz et al. demonstrated arsenic (As(III and V)) adsorption properties and magnetic separation of monodisperse iron oxide nanocrystals synthesized via a precise organic route. 10 Crane et al. reported the removal of U(VI) in water using iron oxide nanocrystals synthesized by coprecipitation method. 8 Dui et al. have demonstrated As(V) and Cr(VI) adsorption properties using MnFe 2 O 4 hollow nanospheres ranging from 180 to 380 nm synthesized by a hydrothermal process. 9 Cai et al. have described a phosphorylated graphene oxide-chitosan composite for selective U(VI) removal. 11 Chen et al. reported amidoxime amended metal-organic framework for U(CI) extraction from seawater. 12 Recently, our group has developed and demonstrated monodisperse manganese oxide (MO) and manganese ferrite (MF) nanocrystals with varying composition ratios of manganese to iron for ultra-high capacity uranium (VI) sorption and separation properties while considering colloidal stability, pH, and ionic strengths. 13 In these studies, 13 Considering excellent uranium sorption by iron-rich manganese ferrite materials and the superparamagnetic properties of single domain iron oxides (IO), typically as magnetite, we propose that by combining these properties into one particle-based material -as a single domain magnetite core coated with a thin manganese ferrite -an optimized material for uranium sorption and separation may be achieved. Core@shell type biferrimagnetic nanocrystals have been synthesized as reported by López-Ortega and Krycka et al. 14 For these, iron oxide @ manganese ferrite (or manganese oxide) nanocrystals were synthesized under nonhydrolytic route by decomposing manganese (II) acetylacetonate (as a manganese precursor) with 1,2hexadecandiol, oleylamine, and oleic acid in the presence of preformed iron oxide nanocrystals (as seed materials) at 200 o C. 14, 15 Resulting core@shell nanocrystals were shown to be manganese-rich Mn x Fe 3-x O 4 (in the range between Mn 3 O 4 and Mn 2 FeO 4 ) as the shell phase(s) on the surface of 11 nm iron oxide nanocrystals. However, based on our previous findings, iron-rich manganese ferrite surfaces are significantly better than manganese-rich ferrites with regard to U(VI) sorption capacities.
In this work, we have synthesized iron oxide nanocrystals coated with manganese ferrite (IO@MF) shells with varying composition ratios of manganese to iron ( Figure 1 ). These nanocrystals were phase transferred into water via bilayer surface coatings, which consist of oleic acid (OA) inner layer and an oleylphosphate (OP), which has an outward facing Page 2 of 6 Environmental Science : Nano   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 2 | J. Name., 2012, 00, 1-3
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Please do not adjust margins Please do not adjust margins phosphate head group. Uranium sorption was then explored and directly compared with analogous IO and MF particles with the same bilayer surface coatings. Monodisperse, iron-rich manganese ferrite coated iron oxide nanocrystals (Fe-rich IO@MF) were precisely synthesized by decomposition of Mn-OA, as an Mn precursor, in the presence of preformed IO nanocrystal seeds in 1-octadecene at 320 o C for 1h. Shell composition control of the (i.e. Mn:Fe ratio) was achieved by precisely varying the molar ratio of Fe and Mn in the reaction ( Fig S1) . 14, 15 Specific synthetic processes are described in the SI. Average diameters of the resulting core@shell type nanocrystals increased slightly from 10.2 nm to 11.0 nm as a Mn-OA precursor decomposed onto the surface of seed materials (IO nanocrystal, d = 10.2 ± 0.9 nm) as shown in Fig S2. Characterization of IO@MF materials is shown in Fig S3 and S4. Fe-rich manganese ferrite shell composition was observed with a molar ratio of Mn to Fe of 0.28 with no core alteration. Under these conditions, there was no evidence of forming individual (free) manganese oxide nanocrystals in the reaction as shown in GIF (Gatan Image Filter) images of the synthesized nanocrystals (Fig 1 and Fig S5) . Furthermore, the composition ratio of Mn/Fe of the synthesized nanocrystal sample was identical with the ratio of Mn/Fe of the starting chemicals (the ratio of Mn-Ol/Fe-IO). As shown in Fig The magnetic properties of engineered IO@MF nanocrystals were characterized by SQUID analysis (Fig 2) (Table S1 ). 13, 16 While being superparamagnetic, IO@MF nanocrystal samples were also similar to inverted soft/hard ferrimagnetic core@shell structures, exhibiting a higher exchange bias with -20.65 Oe of H E at 2K (Table S1) . 14, 15 For aqueous application, we employed a surface-based organic bilayer technique to facilitate aqueous transfer and stability (Supplemental InformaƟon †). 13, 17 Oleylphosphate (OP) was used as a phase transfer agent (also as a surface stabilizer), which coordinates with the first surface layer (oleic acid) on the as-synthesized IO@MF nanocrystal surface via hydrophobic-hydrophobic interaction. 13, 17 The resulting hydrodynamic diameter (D H ) and surface charge for the phase transferred IO@MF@OP nanocrystals were 20.9 ± 3.0 nm with -50.4 ± 1.4 mV. These IO@MF@OP nanocrystals were also colloidally stable in water under relatively high ionic strengths. Critical coagulation concentration (CCC) values of sodium (Na) and calcium (Ca) for the particles were 892.5 mM of Na + and 15.9 mM of Ca 2+ for IO@MF@OP ( Fig S7) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 Surface stabilized IO@MF@OP nanocrystals were evaluated as sorbent materials for uranyl (VI) cations (UO 2
2+
and hydroxo complexes such as, (UO 2 ) m (OH) n 2m-n , depending on pH) over varied water chemistries. 18 It should be noted that IO@MF@OP nanocrystals maintained their monodisperse status for U concentration up to 20 ppm ( Fig S8) ; D H for IO@MF@OP slightly increased from 20 to ca. 35 nm at pH 5.6 and pH 7.0 as U concentration was increased to 40 ppm. Fig S9) . For these, all isotherm modeling data is presented in Table S2 . These value are among some of the highest values reported for uranium sorbents. 13, 20 While iron rich MF coatings can improve U sorption capacities of IO nanocrystals by a factor of two, higher Mn shell content ([Mn]/[Fe] = 2.07), which resulted in Mn-rich MF coatings (with manganese oxide phase shown in via XRD Fig  S6) , display a marked decrease of U sorption capacity. Fig S6) . [13] [14] [15] Such (thick) Mn-rich phase layers on IO nanocrystal may prevent high U sorption properties as less reduced Fe (Fe(II)) is available, which is critical for U reduction from U(VI) to U(IV), on the surface of IO-based materials. 13, 21 For materials exhibiting the highest U sorption capacity ([Mn]/[Fe] in a nanocrystal was 0.28), the relatively highest percentage of U reduction was also observed. Fig 4 shows U reduction as a function of nanocrystal surface composition. The highest U reduction (from U(VI) to U(IV)) was found from Fe-rich IO@MF with U(IV) of 65 %; the U reduction percentage of IO and Mn-rich IO@MF was 58 and 52 %, respectively (Table  S3 ). As mentioned above, we hypothesize that Fe(II) on the surface of the nanocrystal samples play a significant role in U reduction ( Fig S9 and Table S4 ). Fe(II) concentration of Fe-rich IO@MF decreased from 75 % to 25 % upon U reduction; Mn(II) of Fe-rich IO@MF was also observed to decrease from 28 % to 14 % with U reduction experiment ( Fig S10, Fig S11, Table S4 , and Table S5 ). 
Conclusions
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Please do not adjust margins Please do not adjust margins Surface tunable, superparamagnetic IO@MF nanocrystals coated with phosphate group functionalized bilayer surface coatings are demonstrated to be highly effective for uranium sorption/separation in water. The highest U sorption capacity of IO@MF nanocrystals (q max was 1438mg U / g NC) was found to occur for surface stable IO nanocrystals with an iron-rich MF shell structure ([Mn]/[Fe] of an IO@MF nanocrystal = 0.28) with significant redox reactions at the particle interface. Such capacity is among the highest reported to date. Taken together, these findings underpin broad, platform potential for these and similar materials for next generation water treatment, including actinide separation and sensing technologies.
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